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L INTRODUCTION
The regulations established by the Clean Air Act Amendments of 1990 in the United States mean that a single NO, control technology is not likely to be sufficient for boilers in the ozone nonattainment areas. Rebumkg is an emerging three-stage combustion technology designed for the reduction of NO by introducing a small amount of reburning fbel above the primary flame where the majority of NO is chemically reduced to nitrogen in this fuel rich environment. The concept of reburning was first introduced by Wendt et ul. (1973) . Tests on a full-scale boiler at Mitsubishi Heavy Industries (Takahashi et al., 1983) resulted in over 50% NO, reduction.
Coals, including lignites, are an economical source of carbon required for NO reduction in the fuel rich environment. Their effectiveness as a reburning &el seem to depend on two ambivalent factors in its early stage of development. First, the conversion of the nitrogen in coal to NO in the rebuming and burnout stages was not clear. Nevertheless, through an isotopical tracing technique, it has been revealed that conversion of volatile nitrogen in coal to NO during reburning is very low (Burch et ul., 1994) . It is also known that conversion of char nitrogen to NO during combustion is less than 50% of that of volatile nitrogen (Pershing and Wendt, 1979) . Second, while the homogeneous gas phase NO reduction in the fuel rich environment is relatively well understood (see, e.g., Miller and Bowman, 1989) , NO reburning by chars of diverse origin and history has not been considered a viable NO reduction route until very recently.
Our initial studies of simulated reburning with reactors of two scales (Burch et ul., 1991qb; 1994) (Payne et ul., 1995; Pershing, 1995) .
Detailed kinetic analysis of homogeneous phase NO reduction in a fuel rich environment
indicates that the majority of NO is reduced by hydrocarbon radicals C, CH and CH, to HCN and amine radicals (NH,) (Miller and Bowman, 1989) . The amine radicals, in turn, can be converted to N, or NO. The yields of these desirable hydrocarbons radicals fiom lignite during reburning are not known. Nevertheless, coal and lignite produce only about 50% of the volatile carbons which methane produces at the same stoichiometry, which led to the speculation that the lignite char participates in considerable heterogeneous reactions with NO.
Although NO reburning by char has not been a major area of research, investigating the interactions of NO with various carbonaceous and metallic materials has been the objective of a number of studies. An extensive review has been conducted by De Soete (1990) . It has been shown that carbonaceous materials can be gasified by NO to form CO, CO, and N, (Bedjai et al., 1958; Stnithetal., 1959; Furusawaetul., 1980; Levy et ul., 1981; Chan et al., 1983; Suuberg et ul., 1990; Teng et ul., 1992; Chu and Schmidt, 1993; IIlan-Gomez et ul., 1993) . The gasification reaction can be promoted by the addition of reducing agents, such as CO and H,, and inhibited by 0, when the COJCO ratio is higher than one (De Soete, 1990) . In addition to gasification, reaction of NO with CO on various surfaces, including char, ash and soot, can also be a major route of heterogeneous NO reduction mechanisms @e Soete, 1990) . Catalytic decomposition of NO on various metallic oxides, some of which are common constituents in the lignite, has been reported by Winter (1971) .
Hufhan et al. (1990) Various calcium-NO surface complexes have been identified by infrared studies (Low and Yang, 1974; Allen, 1990 ).
In the early period ofthis project (Chen and Ma, 1995; Chen et al., 1995% 1995b , we have been examining the reactivities of selected chars with NO. The effects of reactive gaseous species which typically exist in reburning environment, including CO,, 0, and CO, have been investigated sequentially. Some of the findings fiom this project are summarized below. 
IL WORK ACCOMPLISHED
The detailed flow reactor system for reburning and experimental procedure have been discussed by Burch et at. (1991a,b) . The detailed char preparation procedure has been documented in our sixth quarterly report (Chen et al., 1995a) .
A. Measurements of the Surface Fractal Dimension
The BET-surface areas of samples were detemined with nitrogen (NJ as the adsorbate at a temperature of 77 K. Let P be the partial pressure of the adsorbate, and P, the saturation vapor pressure of the adsorbate at the operating temperature; then, the relative pressure can be defined as PRO. In the last quarter (Chen et al., 1995b), we observed that char is gasified by these oxidants at different rates, and chars derived fiom a bituminous coal and a lignite follow different gasification rates. The interpretations of these reaction mechanisms are fbrther complicated by the observations that the internal surfhce areas and pore volume change during gasification. The dynamical changes of these physical factors depend on its gaseous environment, and they vary significantly for chars of different origins and devolatilization history.
To initiate a systematic investigation, we designed a set of twelve experiments. Six of these runs used the chars prepared at 1100°C and with 5 min holding time, i.e., the high temperature chars;
and six others used the chars prepared at 950°C and with 0 holding time, i.e., the low temperature chars. The N, and CO, surface areas of the two bituminous coal chars produced at two different temperatures (ID #3-6 and 4-1P) and the two lignite chars (ID#3-1 and 4-1L) are shown in Tables   1 and 2 . The ultimate analyses of these coals and chars have been reported by the Huffman Laboratory, and are shown in Table 3 . Each of the four chars are subject to three experiments:
NDtchar, NO+char+CO, and NO+char+CO,+O,. The reactant gas contains, if any, 1000 ppm NO, 16 .8% COB and 1.95% OB balanced with helium. Char feeding rates are 0.0640 g/min for the lignite char, and 0.0446 g/min for the bifuminous coal char. These feed compositions correspond to reburning at SR2 = 0.97 and 0.90 for the high temperature chars derived fiom the bituminous coal and the lignite, respectively. All experiments were conducted at 1 100°C, with 0.2 s residence time.
The results of the six experiments with the high temperature chars are discussed in this section, and data are presented in Figures 1 through 3. Figure 1 presents the exit NO concentrations from runs where major oxidants in reburning, CO, and 0, are sequentially added. The exit NO concentrations suggest two interesting observations. First, the reactivity of the bituminous coal char is comparable or even higher than 9
lignite char when CO, and 0, are absent. Second, CO, and 0, are more detrimental to the bituminous # coal char than that to the lignite char. 
*
The exit concentrations of NO, CO,, and CO from reactions of lignite char appear to be insensitive to the presence of 16.8 volume % of CO,. This observation may be rather important to NO reburning with mixed fuels containing both volatiles and solid carbon. Since the volatile kels usually burn much faster than char, CO and CO, produced from burning of mixed fuels is not expected to compete with NO for the active sites on lignite char. Furthermore, we have observed
+6
$f P the catalytic conversion of HCN to NH3 by lignite char or ash (Burch et al., 1991b) , which is a desired reaction when volatile fbel is used in reburning. Thus, with O2 already depleted, the ?f NOkhar reaction will take place in an environment "richer" to NO than nominally observed, # and the NO reduction should not be the sum of of the reduction from each fuel taken X separately.
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When both O2 and COz are added in the feed, the yields of gasification products notably increase, and more carbon of lignite char is gasified than that of bituminous coal char. Again, using
Langmuir-Hinshelwood kinetics, the observed NO concentrations imply that NO competes with O2
.
for the formation of surface complexes on lignite char, but NO can not compete with O2 on the bituminous coal char. Furthermore, due to the formation of large amount of gasification products, turnover of the oxygen surface complex on the lignite char seems to be faster than that on the bituminous coal char. The accelerated desorption is likely a result of catalysis.
Interestingly, the char gasification literature has offered some helpfbl support to what we have observed here, particularly through the concepts of "stable oxides," "labile oxides," and "reactive surface area" which have been well documented by Laine et al. (1963) , Lizzio (1 990) and Radovic et al. (1991) . In the study of gasification of carbon by N20, Strickland-Constable (1938) distinguished two types of surface oxides: 1) stable oxides, i.e., those C-0 complexes which accumulate on the surface and inhibit oxidation, and 2) labile oxides, i.e., those C ( 0 ) complexes which have a shorter lifetime and are active in the combustion mechanisms. Lizzio (1 990 His hypothesis is consistent with our observation that lignite char, a during gasification.
carbonaceous material having lower structure order than the bituminous coal char, has a higher reactivity in our gasification environments involving NO.
The total amount of oxygen in the gasification products, CO and CO, normalized by the amount of converted NO during reaction suggests the competition for char among the three oxidants:
NO, CO,, and 02, Figure 3 . When the feed contains NO and char only, the conversions of oxygen ofNO indicate that CO and COz are the major products of NO reduction. When C02 is added, the oxygen conversions are also about 100 percent, suggesting NO is a stronger oxidizing agent than CO,. However, since the NO reduction on the bituminous coal char is retarded when CO, is introduced, oxygen conversions to gaisfication products impty that COz poisons the active sites for * NO reduction probably through forming stable surface complex on the bituminous coal char. When NO, CO, and 0, are all introduced in the feed, the gasification products increase sharply (the scale for these two runs is reduced by a factor 60). Although significant amounts of carbon are gasified * $ by oxygen, NO and 0, are competitive for lignite char; this is not what observed for the bituminous coal char.
C. Effects of Pyrolysis Severity on Char Reactivity
Similar to the experiments with the high temperature chars discussed in Section II.B, the low temperature chars were subject of Six experiments: NWchar, NDtchMO, and NO+char+CO,+O,.
The reactant gas contains, if any, 1000 ppm NO, 16.8% CO,, and 1.95% O,, balanced with helium.
Char feeding rates are 0.0640 g/mh for the lignite char, and 0.0446 g/min for the bituminous coal char. These feed compositions correspond to reburning at SR2 = 0.93 for the bituminous coal char, and 0.88 for the lignite char. AI1 experiments were conducted at 1 IOO'C, with 0.2 s residence time.
The results presented in Figures 4 through 6 indicate that the low temperature bituminous coal char behaves almost identical to the high temperature bituminous coal char in various gaseous environments, when they are compared with the data presented in Figures 1 through 3 . We observed shift of calibration values of the CO/CO, analyzer when the experiment with NO+char+CO,+O,, therefore, the CO, and 0, yields tend to be low and will have to be confirmed in the next quarter.
The low temperature lignite char demonstrates notably higher NO reduction activity, Figure 4 , than the high temperature lignite char, Figure 1 , regardless if the oxidants are present. The loss of reactivity of high temperature char could be caused by a number of reasons. First, it has been reported that pyrolysis of Pittsburgh #8 coal generates a small amount of H, (c0.4 wt % of as received coal) in the temperature range of 950 to 1 100 "C (Howard, 1981) , and this hydrogen yield may assist the removals of oxidants, CO, and O, , and direct reduction of NO. The ultimate analyses shown in Table 3 , however, demonstrate that the elemental compositions of high and low temperature bituminous coal chars are about the same; the low temperature lignite char does have slightly higher atomic H/C ratio than that of the high temperature char. Second, it has been speculated that the a hydrogen complex forms on the partially devolatilized char, which also assists the removal of oxidants and NO (De Soete, 1990 (Radovic et al., 1983b) , in which char's reactivity was found to decrease with increasing pyrolysis severity, including temperature, heating rate, and holding time. Since the high and low temperature bituminous coal chars have no noticeable differences in the observed NO reduction &ciency shown in Figures 1 and 4 , the observed large difference in their internal surfsce areas reflects the complexities of heterogeneous reburning. One possibility is that the mass transfer limitation exits, and the micropores do not contribute to NO reduction. This is part of the reason we have started estimating the mass transfer limitations this quarter based on the newly obtained nominai reaction rates and surface areas, see the next section. Nevertheless, the low temperature char used in the surface area measurement was derived from an old Pittsburgh #8 coal sample in our collection, but the chars from the new Pittsburgh #8 coal were used in thee reaction study. What we have observed about the variations in surface areas will be reexamined in the next quarter.
D. Variations of
What we have observed about the internal surface areas may be very significant to the Figure   1 reflect poisoning, and, more importantly, the lignite char activity is to diminish after 0.2 s. In the study of air staging, Mereb and Wendt (1994) observed sharp decrease in NO concentration during the first 1.5 s of burning of bituminous coal at SR = 0.83. They also observed that the variation of the concentration of total exit nitrogen species in NO / lignite reaction is lower than that of bituminous coal in the first 1.8 s, but it undergoes a sharp fall between 1.8 and 2.4 s. It would certainly be interesting to investigate if these variations in NO are related to the changes in pore structures in the hture studies.
E. Rates of NO Reactions with Chars
During this quarter we continue the investigation of the effects of feed NO concentration on the rate of NO reaction w i t h chars of two different origins. From the stand pint of reburning practice, these rate data are desirable because recent successfbl developments in low NO, burners have significantly lowered the NO concentration of flue gas coming into the reburning stage. From the stand point of basic research, these rate data are needed for the understanding of the heterogeneous reburning mechanisms in various periods of reburning.
Six series of experiments with feed NO at 800,600, and 400 ppm, and two different chars have been conducted in the temperature range 800 and 1100°C. The two high temperature chars include one derived f?om the Pittsburgh #8 bituminous coal and the other from the Mississippi lignite.
No oxidants are included in the feed. Char preparation and reaction study with a flow reactor system have been discussed in our previous publications (Chen and Ma, 1995; Chen et al., 1995a; Chen et al., 1995b). Figures 7 and 8 present the exit NO concentrations observed in these six series of experiments. These two figures also contain data discussed in the last quarterly report (Chen et al., 1995b) and in the last section, i.e., data with feed NO at 1000 and 800 ppm, and those with feed containing oxidants.
Due to the low surface reaction rate of NO and char reported in the literature (see, e.g., De
Soete, 1990), we have been assuming that mass transfer limitations are negligible and our interpretation of the reburning mechanisms has been based on Langmuir-Hinshelwood models (Chen and Ma, 1995; Chen et al., 195b) . Two of our recent findings, however, have revealed the need for fbrther examination of the significance of mass transfer limitations. First, surface areas of the high temperature bituminous coal char is much smaller than that of the low temperature char measured previously, yet the two chars demonstrate very similar reactivity with NO. The observed low surface area of hgih temperature char results in higher estimated NO activity per unit char surface area, and the reaction is more likely to suffer the mass transfer limitations. Second, as discussed in the last section, the internal surface areas of lignite char vary significantly when CO, and O2 are introduced, and the pore-closure process can potentially lead to mass-transfer controlled mechanisms.
During the last two quarters (Chen et ai., 1995a; Chen et al., 1995b) , we have derived the following expression which relates the reaction rate with the reaction conditions inside a tubular flow reactor containing three temperature zones in the axial direction: constant heating-rate period, isothermal zone, and constant cooling-rate period.
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T where X is the NO conversion,
W, is the char feeding rate, in g s-',
A is the specific, internal surface area of char, in m' g-I, k, is the frequency factor of the surface reaction, in mole s" m-' atm", E, is the activation energy of the surface reaction, in kcal mole", T is temperature, in "C, and, th is gas residence time in the isothermal temperature region, in s.
For a system involving internal mass transfer limitation, the observed Arrhenius ra e in the above expression can be considered the product of the true surface reaction rate the effectiveness factor, q, i.e.,
E.
In ( The effectiveness factor has been theoretically shown a function of the ThieIe modulus, 9 (see, e.g., Satterfieid, 1970) where the Thiele modulus is defined as where R is the radius of particles, in cm, k is the rate constant, in mole sec" m2 atm", a is-the ideal gas conversion constant, 2.445 x IO4 atm an3 mole", De, is effective diffusion coefficient, in cm2 sed', and, r is the pore radius, in cm.
The mass transfer resistance in terms of the effective difksivity can be considered the linear combination of the resistances contributed by the Knudsen and the bulk difisivity (Satterfield, 1970; Chan, 1980) , where D , cfi is the Knudsen difision coefficient for a porous solid, in cm2 s-', D,, 8 is the particle void fiaction, 5, is the tortuosity factor based on the mean pore radius, assumed 2, pp is the particle density, 0.4 em3 g-', M, M, are the molecular weights of diffusing molecules, M N O = 30, MHE = 4, M, is the molecular weight of the gas medium, P is pressure, 1 atm, OD is the "collision integral", a function of KB*T/eI2, dimensionless, e, u are the force constant of the Lenard-Jones potential fbnction, E: in g cm2 s-,, u in A, and, kB is the Boltzmann constant, 1.38
is the bulk difision coefficient, in cm2 s-',
The subscript 12 in the Eqs. 5 and 7 means that species 1 is difising in species 2. Equations 5 through 7 allow the calculation ofthe effectiveness difisivity for the NO + char reaction at 1 100' "C.
For instance, we have examined the pore volumes presented in Tables 1 and 2 , and obtained the average pore volumes for the MS lignite char and the Pitt#8 coal char, 0.1 cm3/g and 0.01 cm3/g, respectively. We can hrther assumed that the bulk density of both chars is 2.07 g/cm3. Based on these values, we obtain 8 = pore volume x density = 0.2 for the MS lignite char and 0.02 for the Pitt#8 char.
From Bird et ul., (1 960):
Substituting the above constants into Eqs. 5 through 7, we obtain D, eff= 3.98 x 10' cm2/sec for lignite char at 1100 "C, D,, = 8.127 cm2/sec, D , = 3.98 x cm2/sec for lignite char at 1100 "C.
This results show that Knudsen diffision controls the overall diffision rate.
The significance of what has been discussed is that Eqs. 2 through 4 can be solved simultaneously by MathCad for q, (o and k. Since the micropore volume reported in Tables 1 and   2 is for the pores in the range 0 to 20 8, only, more accurate determination of pore volume is currently under way by BET N2 It is expected that, by the end of next quarter, we will be able to know more about the extent of the mass transfer limitation and provide more accurate rate constant. Figure 9 illustrates the current knowledge about the nominal NO reduction rates based on Eq.
1 and the CO2 surface areas reported in Tables 1 and 2 . Due to the temporal variations of char internal surface areas, average C02 surface areas have been used in the estimations of the reaction rate. For example, for the NO reactions with the high temperature chars, specific surface areas of lignite char bituminous coal chars have been assumed to be 255 m2/g, and 3 1.9 m2/g, respectively.
IV. WORK FORECAST
In the succeeding quarter, we will continue the measurements of the rates of NOkhar reactions with feed NO concentration at 200 ppm. Experiments will be conducted with sequential addition of C02 and oxygen. Better measurement of pore fiaction and pore size distribution will be obtained by BET N,. This information will be used in the estimation of the Thiele modulus, effectiveness factor, and surface reaction rate; therefore provide accurate information about the mass transfer limitations. After the rates are corrected by the effects of mass transfer limitations, we will establish a Langmuir adsorptioddesorptiodsurface reaction model. No . No. 4-1 P Pyr." 1 100"C, m.= 1100°C Figure 3 . Percentage coversion of oxygen in feed NO to the gasification products, CO and COP Note that the scales for the (NO+char+C02+0,) reactions are reduced by a factor 60.
Chars were prepared at 1 100 "C. Chars were prepared at 950 "C. 
